[1] The Hayward fault is documented to undergo significant creep, with some patches accommodating 50% or more of the long-term fault displacement. In spite of this, the fault has also experienced moderate to large earthquakes. By comparing the patterns of microseismicity observed on the fault with models of fault zone creep, we can investigate the long-term displacement/deformation history of the fault in terms of the relative roles of aseismic creep, fault slip accommodated through microseismicity, and strain accumulation (slip deficit). We find that microseismicity on the Hayward fault produces a negligible percentage of the seismic moment dissipated on the fault. Combining seismicity with our fault creep models allows us to calculate the size of asperities on the creeping fault. For small asperities associated with repeating earthquakes on the Hayward fault, the rupture areas of these asperities range from 20 to 60 m 2 .
Introduction
[2] The Hayward fault, located on the east side of the San Francisco Bay, California (Figure 1 ), is one of a limited set of faults documented to undergo creep [e.g., Lienkaemper et al., 1991; Galehouse, 1992; Lienkaemper and Galehouse, 1998 ]. Creeping segments of strike-slip faults are often characterized by high rates of microseismicity on or near the fault [Scholz, 1990; Rubin et al., 1999; Amelung and King, 1997; Waldhauser and Ellsworth, 2002] . It is normally assumed that this microseismicity generates only a small fraction of the slip occurring on the fault and that a majority of the accumulating elastic strain is released either through aseismic creep or in rare large events. Models of fault creep allow us to test this assumption. We compare over a ten year period the inferred slip of microearthquakes determined from magnitude/energy relationships with slip modeled for aseismic creep to quantify the role of microseismicity on a creeping fault.
[3] In previous work [Malservisi et al., 2003; Malservisi, 2002] , we used 3-D finite element modeling to investigate creep patterns on the Hayward fault. When developing our models of creep, we did not explicitly model any earthquakes (cf. Bürgmann et al. [2000] ; Simpson et al. [2001] ); rather we assumed that all displacements that occurred on the fault during the inter-seismic period between large earthquakes were accommodated by aseismic creep. Although it is typically assumed that microseismicity accounts for a negligible proportion of the moment released on creeping faults, to our knowledge this assumption has not been tested. Because creeping faults are characterized by relatively high levels of microseismicity, it is important to understand what role, if any, the seismicity plays in fault displacements.
[4] Our modeled estimate of aseismic slip can also be combined with moments for repeating earthquakes in the creeping zones to infer the size of the rupture areas for the small asperities associated with these earthquakes. There is considerable debate on the actual dimensions of these locked patches on a fault plane [e.g., Aki, 1967; Archuleta et al., 1982; Aki, 1987; Abercrombie, 1995; Nadeau and Johnson, 1998 ]. Here we develop an approach for constraining the size of small asperities by combining our model of creep on the Hayward fault with event characteristics from the precise relative relocations of micro-earthquakes [Waldhauser and Ellsworth, 2002] . Typically in order to calculate asperity size, the amount of slip associated with the rupture of a locked patch is assumed. By exploiting models of creep on fault planes [e.g., Bürgmann et al., 2000; Simpson et al., 2001; Malservisi, 2002; Malservisi et al., 2003 ], however, we have an independent estimate of that slip. Thus we use a direct estimate for slip in the vicinity of the asperity [Malservisi, 2002; Malservisi et al., 2003] , which is independent of earthquake size/slip laws. This reduces some of the circularity in the asperity size analysis. This approach for determining asperity sizes and their distribution on the fault plane allows us to place constraints on the geologic characteristics of an asperity.
Calculating Slip for Micro-Earthquakes
[5] Patterns of microseismicity are well documented on the Hayward fault. However, whether this microseismicity plays any significant role in the observed fault creep is not known. For example, although near-surface creep appears to be virtually aseismic, it is not clear whether the inter-seismic slip (creep) occurring at depth is also fully aseismic. GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 19, 2000 , doi:10.1029 /2003GL017904, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2003GL017904 [6] We have used precise relative relocations of microearthquakes spanning 1984 to 1998 [Waldhauser and Ellsworth, 2002] . A total of 976 earthquakes, with magnitudes ranging from M l = $0.5 to 4.5, on average 1 to 2, and located within 2 km of the fault plane were chosen from the set of 1251 (Figure 2 ). Of these, 250 were identified as repeating by Waldhauser and Ellsworth [2002] . Because of their nearly identical waveforms and common locations, these events identified as repeating likely represent the repeated rupture of the same patch or asperity on the fault plane.
[7] To determine the amount of slip that occurred with each micro-earthquake, we used scaling relationships for earthquakes to estimate displacement from local magnitude. We combine magnitude/energy, energy/moment and moment/displacement relationships to do this. Several relations for calculating energy from magnitude are available [e.g., Smith and Wyss, 1968; Båth, 1978; Kanamori et al., 1993] . We have used the Thatcher and Hanks [1973] relation, which was developed for earthquakes in southern California:
where E is the energy in ergs and M l is the local magnitude. It should be noted, however, that this relation is optimally used for earthquakes with magnitudes greater than 3.5, and only $1% of our earthquakes are M l > 3.5.
[8] To move from energy to moment, we have used the relationship from Abercrombie [1995] for calculating the seismic moment. For this study the moment magnitude to energy relationship Mo = E * 10 6 was used (Figure 3 ), where Mo is the seismic moment in NÁm and E is the energy in J. We assume a constant stress drop of $0.8 MPa, based on our best-fit from Abercrombie's [1995] data. Our choice of magnitude/energy relationship has only a small effect on our results. For example, if we compare the total moment from the seismicity obtained using the Thatcher and Hanks [1973] model (1.6 Â 10 10 NÁm) with that using the Kanamori et al. [1993] model (9.6 Â 10 10 NÁm), we find a factor of 6 difference in the results. As we show below, this difference is insignificant when compared to the moment released through creep.
[9] The slip from each earthquake was calculated using
where D is the slip on the fault in meters during the earthquake, Mo is the seismic moment in NÁm, A is the source area in m 2 , and m is the shear modulus (assumed to be $30 GPa). To compare the slip dissipated by microearthquakes to the slip from creep, we scale the slip from the microseismicity to 1 km 2 areas, the element size for our creep models. We sum the seismic moments (Mo) for earthquakes within each 1 km 2 element and divide by its area (A) to determine the equivalent slip (D) in a given element.
Partitioning Between Creep and Microseismicity
[10] We compare the slip generated by micro-earthquakes within each element with the creep inferred from model KT3 [Figure 4, Malservisi, 2002] to assess the relative contributions of seismic and aseismic slip. Figure 4 shows the equivalent slip (per 1 km 2 ) on the Hayward fault from both microseismicity and fault creep from our model, over a ten-year period. Note the significantly different scales for slip magnitude between the microseismicity and creep plots. For microseismicity, almost all elements have less than 0.005 mm slip over the ten year period, whereas the contribution from creep can range up to 45 mm. Averaged over the entire fault plane, the slip from the microseismicity is 5.4 Â 10 À7 mm/yr, whereas the slip from creep averages 2.4 mm/yr over the fault plane. Using the relationships of Smith and Wyss [1968] , Båth [1978] or Kanamori et al. [1993] that maximize the slip from seismicity, the average slip from microseismicity becomes 2.2 Â 10 À5 , 8.5 Â 10 À6 and 3.3 Â 10 À6 mm/yr, respectively. Thus microseismic slip remains insignificant when compared to the slip contribution due to creep. The occasional element with a larger seismic slip value (maximum 5.6 mm/yr) comes from the rare, larger magnitude (M l $4 -4.5) earthquakes on the Hayward fault.
[11] Along the entire 82 km length of the fault studied, various numerical models of creep generate similar values of moment accumulation per year: Model KT3 (this paper) produces 1.98 Â 10 17 NÁm/yr, the model of Bürgmann et al. [12] Aseismic creep dissipates virtually all of the moment that is expended during intervals between large (M l > 6) earthquakes. This reinforces the assumption that microearthquakes are not important contributors to the total strain released on a fault, and here we can quantify (<0.01% of the total interseismic slip) this small contribution. Further, although the numerical creep models of Malservisi et al. [2003] , Malservisi [2002] , and those from other groups (Bürgmann et al. [2000] ; Simpson et al. [2001] ) did not include slip from seismicity, our results suggest that these models can be viewed as accurate portraits of creep on the fault plane.
Asperity Size
[13] Using our creep models to constrain the amount of slip for specific micro-earthquakes, we can estimate the size of an asperity on a fault plane. The asperities we focus on are patches on the fault that are inferred to fail repeatedly as they are loaded by creep on the surrounding fault surface [Waldhauser and Ellsworth, 2002] . The geometry and dimensions of such asperities are poorly constrained, and characteristic minimum source dimensions have previously been argued to range from less than 1 cm [Johnson and Nadeau, 2002 ] to as large as about 100 m [e.g., Archuleta et al., 1982] , with associated implications for stress drops for these events. These previous studies have calculated asperity size using an assumed value for slip, thus introducing a certain amount of circularity into the arguments.
[14] We exploit results from creep modeling on the Hayward fault [Malservisi, 2002] to improve the size estimates of asperities. Under the assumption that repeating earthquakes represent the repeated rupture of the same small asperity, and that the slip from these earthquakes is equivalent to the total slip on surrounding creeping patches over a certain time interval, we can estimate an approximate asperity size.
[15] We have selected five different sites of repeating earthquakes from the catalog determined by Waldhauser and Ellsworth [2002] . The locations of these clusters of events are shown in Figure 2 . With the exception of cluster C, all are tight clusters. Cluster C potentially could be composed of more than one set of repeating earthquakes and thus might represent more than one asperity. In all cases the clusters we have chosen for this analysis are isolated from other non-repeating earthquakes. [16] We have rearranged the standard seismic moment formula to solve for asperity size:
where Mo is the seismic moment (NÁm), D is the slip (m), and m is the shear modulus (30 GPa) for each asperity. We summed the seismic moments (determined using the above relations) for all recurrent earthquakes within each cluster. The total slip was simply the creep value for the corresponding element [using model KT3, Malservisi, 2002] over the 15-year time interval.
[17] Table 1 shows the results for the five different asperity sites. For A, B, D and E the calculated asperity size ranged from 20 to 60 m 2 (confirming the results of Abercrombie [1995] ). For all groups, the asperity size increases with earthquake magnitude, following standard assumptions of earthquake mechanics. For group C, the calculated asperity size is larger. Group C is composed of larger earthquakes with several in the M l > 2.5 range. As a result the characteristic length scale for the asperity is $100 m. With this length scale the relative locations of all of the events fall within that length, but the cluster could be divided into up to three separate sub-clusters separated by as much as 30 meters. If so, the resulting asperities for each sub-cluster would be smaller in size. If, rather than using the creep model slip value, we assign a slip value based on relations between moment and slip, we find that the average asperity sizes are an order of magnitude or more greater. This is because the slip values derived from earthquake relations are smaller than those derived from our creep models, leading to a larger area to accomplish the same seismic moment. Because of the wide range of values used in the scaling relationships, we tested several different values of stress drop to explore the effect of changes in this value on our results. Looking at Group E, for example, the asperity size can range from $100 m 2 (using a stress drop of 0.01 MPa) to $0.1 m 2 (using a stress drop of 10 MPa). For our preferred results (Table 1) , we assumed a stress drop of $0.8 MPa, based on the best-fit to Abercrombie's [1995] microseismic data (Figure 3) . Although asperity sizes vary as a function of stress drop, the results confirm that the areas remain small, on a scale unlikely to be imaged by active seismic surveys. This further emphasizes the utility of including other information such as creep models to help ''image'' these small locking patches on faults.
Conclusions
[18] Along the Hayward Fault in the Eastern San Francisco Bay, the combination of precise relative locations for seismicity and geodynamic models of fault creep allows us to place robust constraints on the energy budget and asperity character of the fault zone. In particular we have shown that the microseismicity associated with fault creep releases an insignificant amount of the seismic moment on the fault, compared with both the moment released through aseismic creep and the moment deficit that is released during the rare large earthquakes on the Hayward fault. On areas of the fault that are relatively freely creeping there are clusters of earthquakes that appear to repeatedly rupture the same fault patch or asperity. By considering that rates of fault creep determined from our numerical models represent the interseismic slip in the region of these asperities, we can place estimates on the area of the asperities associated with each cluster of repeated earthquakes. We find that for many of the clusters of repeating earthquakes, the characteristic area for the inferred asperities is approximately 100 m 2 or less.
